FOXO3 is one of the most prominent genes demonstrating a consistently reproducible genetic association with human longevity. The mechanisms by which these individual gene variants confer greater organismal lifespan are not well understood. We assessed the effect of longevity-associated FOXO3 alleles on age-related leukocyte telomere dynamics in a cross-sectional study comprised of samples from 121 healthy Okinawan-Japanese donors aged 21-95 years. We found that telomere length for carriers of the longevity associated allele of FOXO3 single nucleotide polymorphism rs2802292 displayed no significant correlation with age, an effect that was most pronounced in older (>50 years of age) participants. This is the first validated longevity gene variant identified to date showing an association with negligible loss of telomere length with age in humans in a cross-sectional study. Reduced telomere attrition may be a key mechanism for the longevity-promoting effect of the FOXO3 genotype studied.
longevity have identified hundreds of genes associated with longevity, but polymorphisms in only two genes (APOE and FOXO3) have demonstrated strong and consistent replications across multiple, diverse human populations (2) .
We were the first to demonstrate an association of alleles of FOXO3 single nucleotide polymorphisms (SNPs) with longevity in a population of American men of Japanese ancestry (3) . This finding was subsequently replicated in over 10 independent studies (2) . The most robust FOXO3 SNP associated with human longevity is rs2802292 (2) (3) (4) . In model organisms, many evolutionarily conserved genes associated with longevity encode protein involved in stress-tolerance (5) and energy homeostasis (1) pathways. A common connection between these pathways is FOXO3 homeostatic regulators (2) . Indeed, FoxO3 appears to be a necessary factor for the most robust non-genetic intervention that enhances longevityenergy restriction-since genetic deletion of the FOXO3 homolog in mice abolishes the effect (6) .
Telomere attrition is an important mechanism that affects cellular lifespan (7) (8) (9) (10) . The reparative ribonucleoprotein, telomerase, protects the ends of linear chromosomes from loss of genetic material and helps maintain genome stability. The attrition of telomeres in mitotically active human somatic cells has now been shown to be ultimately responsible for their limited replicative lifespan (11) . The reduction of length of one or more telomeres to a size that abrogates function leads to cell senescence by signaling a DNA damage response. In telomerase mutant mice, telomeres shorten with each successive generation, eventually leading to sterility and numerous aging-like phenotypes, including anemia, gray hair, and reduced mobility (12) . Furthermore, re-activation of telomerase in telomerase deficient mice can extend telomere length, "rescue" proliferative defects of certain tissues, reduce indications of organismal aging, and restore lifespan (7) . In humans, telomeres shorten in proliferative tissues, such as peripheral blood and bone marrow, during aging (8) . Clinical studies of diverse populations have demonstrated a strong inverse correlation between telomere length and age in proliferating tissues (10) . Furthermore, lifestyle stresses (13) and age-associated diseases (14) , including cardiovascular disease (15) and stroke (16) , significantly correlate with accelerated telomere shortening. Telomere length analysis in leukocytes has also been shown to be predictive of the development of dementia (16) and possibly certain types of cancer, for example prostate cancer (17) .
In this study, our primary objective was to evaluate the relationship between leukocyte telomere length (LTL) and longevity-associated alleles of FOXO3. To achieve this, we recruited a cross-sectional cohort of adults from a young age (20 years) to very old individuals (85-95 years of age) from a population with a high percentage of long-lived individuals-the Okinawan Japanese. The OkinawanJapanese are a relatively homogeneous population and have a high prevalence of oldest-old, including centenarians (18) so was a highly suitable population for the current study.
Materials and Methods
Okinawan-Japanese annual health exam participants (n = 121) ranging in age from 21 to 95 years were recruited, with prior informed consent, through Tomishiro Central Hospital (Tomigusuku, Okinawa, Japan) and its associated clinics throughout the Okinawa prefecture as well as Central Hospital (Naha, Okinawa, Japan) and its associated facilities. In Japan, essentially everyone undergoes an annual health screening exam (kenkko shindan or kenshin) that is mandated by the Ministry of Health, Labour, and Welfare. Therefore there is no potential bias towards healthier individuals. All subjects were recruited between January 2013 and March 2016. Inclusion criteria were healthy individuals over the age of 20 years. Exclusion criteria were (a) age < 20 years, (b) recent heart attack, stroke, or cancer treatment, (c) severe dementia (meaning they were unable to understand the informed consent form), (d) any known genetic disease or disability, and (e) any patient whose attending physician deemed them inappropriate for the study. Blood (5 mL) was collected as part of a routine health screening examination. All samples were de-identified. The study was conducted following Veterans Affairs VA Institutional Review Board approval as well as approval from the Ethics Committee from Tomishiro Central Hospital, Tokushima University and Okinawa International University.
Peripheral blood was collected in EDTA vacuum tubes and stored at 4°C for 2-10 days before processing. Mononuclear cells were separated utilizing Ficoll-Paque PREMIUM following the manufacturer's guidelines. Cells (5 × 10 5 ) were aliquoted from the mononuclear fraction, washed in phosphate buffered saline, and lysed with CHAPS buffer. Extracts were assessed for telomerase activity using the telomere repeat amplification protocol (TRAP). Genomic DNA was isolated from mononuclear cells (~2.5-3.0 × 10 6 ) for genotyping and telomere length analysis. Fifty samples were either too degraded or had too little DNA or poor-quality DNA for accurate analysis of telomere length and were therefore excluded. Most of the samples that were excluded were in the initial phase of sample collection when it was unclear how long the genomic DNA would retain high quality from collection to shipping time. At that time, we were collecting samples from men, women, young, and old of various genotypes so there was little likelihood of bias. A total 121 high quality DNA samples were obtained that had sufficient DNA for Southern blot analysis of telomere length.
Procedures to analyze all blood samples were performed at John A Burns School of Medicine, University of Hawaii. For more details, see Supplementary Methods.
Statistical Analysis
Least squares linear regression (Generalized Linear Model) was used to determine the age effects on telomere length (group mean telomere length changes) for each FOXO3 genotype group (SAS version 9.2; SAS Institute, Inc., Cary, North Carolina), after assessing models with or without adjusting for either sex, smoking status, diabetes, BMI, or waist circumference. Differences in LTL between FOXO3 genotype by age bracket (ages 25-50 years) and telomerase activity as a function of genotype was assessed using Student's t-test.
Results
We assessed the effect of FOXO3 genotypes on mean telomere length and telomerase activity levels, as a function of age, in leukocytes from a cross-sectional population sample of healthy Okinawan-Japanese men and women (n = 121) aged 21-95 years. There was a significant interaction between age and FOXO3 genotype (p = .0005), consistent with prior studies (2). Table 1 summarizes standard clinical measurements as a function of FOXO3 genotype. The clinical measurements were similar between the groups. As expected, we found that mean telomere length (LTL) decreased with increasing donor age at a rate of loss ~22 base pairs per year (bp/year) for the total population ( Figure 1 ; Table 2 ). Carriers of the longevity-associated FOXO3 G allele of SNP rs2802292 were significantly protected against aged-related telomere length loss relative to carriers of the common TT genotype (p = .0005) ( Figure 1A ; Table 2 ). Strikingly, there was no significant correlation between telomere length and age throughout adulthood from age 21 to 95 (p > .1) for carriers of the longevity-associated G allele. In an exploratory analysis, no difference in the correlation between telomere length and age was observed as a function of allele carrier status amongst APOE genotypes containing alleles ε2, ε3, and ε4 ( Supplementary Figure 1) , although this analysis was limited in power due to low numbers of ε2 carriers and therefore requires further study.
To control for possible confounder effects, we assessed multiple models with or without BMI, waist circumference, diabetes, gender, and smoking status. These factors did not influence the interaction of telomere length and age as a function of FOXO3 allele of SNP rs2802292, except non-smoking, which marginally reduced the significance of the rate of change in telomere length for G-allele carriers as compared to TT allele carriers (p = .01).
To assess whether the longevity-associated G allele affects telomere length at different stages of life, we partitioned the analysis into young (21-50; n = 44) and old (51-95; n = 77) cohorts. Younger participants appeared to display similar telomere length dynamics irrespective of FOXO3 genotype ( Figure 1B) , exhibiting a significant negative correlation with age (p < .05), whereas older participants showed a striking difference in that G-allele carriers showed no association between telomere length and age (p > .05) as compared to TT-allele carriers, in whom there was a significant negative correlation with age (p = .008; Figure 1C ). We also compared the average telomere length for subjects in age bins of 20-40, 40-60, 60-84, and 85-95 years. The results indicated differences in telomere length between G allele carriers and TT genotype, with a tendency of TT carriers to have longer telomeres early in life and shorter telomeres at very old ages ( Figure 1D ). This observation will require future investigation with additional longitudinal analysis to confirm a protective effect of the longevity associated G allele on telomere length.
To assess whether the effect of FOXO3 genotype on telomere length across age may be attributable to genotype-related differences in telomerase activity, we measured leukocyte telomerase activity in the same samples used for genotyping. Normalized telomerase activity (mean ± SE) did not differ between FOXO3 genotypes (G carriers vs TT genotype: p > .1 [n = 87]; Supplementary Figure 2) .
Discussion
The present study is the first to report an association between telomere length and longevity-associated FOXO3 genotype as a function of age in a cross-sectional Okinawan-Japanese cohort. We found that the average telomere length for young (21-50-year-old) participants with the TT FOXO3 genotype was significantly higher (p ≤ .05) than that observed for G-allele carriers (FOXO3 genotype GG or GT). Conversely, telomere length was higher for elderly G-allele carriers (85-95 years of age). This was consistent with the lack of detection of any appreciable association between age and telomere length across the cohort for G-allele carriers, at least from age 50 onwards ( Figure 1A and C) . A convergence of telomere length in the elderly was reported previously, in that mean telomere length was diminished amongst the elderly, as compared to younger subjects (19) . Extremely old persons, who exhibit an enrichment in longevity-associated alleles, tend to have longer telomeres (20) . Consistent with protection against mortality, the frequency of the G-allele (rs2802292) has been shown to increase approximately 2-fold from age 70-100 years (21) . We propose that the reduced rate of shortening of telomere length in the elderly may, in part, be explained by the increase in population frequency of protective FOXO3 G-allele carriers in older persons (21) .
The current association between FOXO3 genotype and telomere length in humans supports a prior finding in C. elegans, that in worms overexpressing telomere-binding HRP-1 protein, the lifespan-extending effect of elongated telomeres was dependent on the FOXO3 C. elegans homolog daf-16 (22) . Others reported reduced telomere attrition with age in individuals having a genetic variant of SIRT1, a putative longevity gene whose encoded protein is in the pathway upstream of FoxO3, and that interacts with FoxO3 under conditions of stress (23) . More recently, in a study of human fibroblast senescence that assessed the SIRT1-FoxO3-hTERT pathway, FoxO3 was a downstream activator between SIRT1 and hTERT that activated the transcription of c-MYC, and induced increased transcription of hTERT in human fibroblasts, delaying their senescence (24) . Therefore, this pathway may provide a putative biological basis for the current findings of a reduced rate of loss of telomere length from young to old adults who are G-allele carriers.
In support, a recent study of Japanese centenarian offspring, who tend to be healthier than average, possibly due to enrichment in protective alleles of longevity genes, also demonstrated negligible telomere attrition with age, in contrast to offspring of average-lived parents, who demonstrated the usual telomere attrition with age (20) . The study also demonstrated longer telomeres in centenarians and super centenarians. The specific gene(s) responsible were not assessed in that study, but, as mentioned above, FOXO3 G-allele frequency is known to more than double from age 70 years to age 100 years and becomes the major allele in very old Japanese (2). In fact, by age 90 years, most Japanese, whites and blacks are G-allele carriers (21) .
In conclusion, the present study demonstrates, for the first time, lack of a correlation between telomere length and age, that is observed for the general population, for carriers of a validated human longevity-associated allele (over a range of 21-95 years of age). This suggests one potential mechanism for the protective effect of FOXO3 genotype on human lifespan and health span could possibly be through slowing the rate of telomere attrition in replicative tissues during aging. Our data further suggest that telomerase enzyme levels do not play a major role in this phenomenon. Thus, other factor(s) may be responsible for the ability of FOXO3 genotype to maintain telomere length well into old age. For example, carriers of the FOXO3 G allele might have substantially reduced rates of hematopoietic cell turnover during aging, possibly due to reduced levels of chronic inflammation (21) . Future studies are warranted to further elucidate the cellular and molecular basis for these findings, and to better understand the interplay between FOXO3 and its encoded protein, with age-related telomere attrition.
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